
REPOT D CUM NTATON AGEForm Approved
REPOT D CUM NTATON AGEOMB No. 0704-0188

"The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing the burden, to the Department of Defense, Executive Services and Communications Directorate (D704-0188), Respondents should be aware
that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.
1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)

06-06-2005 Conference Proceedings (not refereed)

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

The Influence of Swell on the Sea Surface Roughness and the Growth of Wind
Waves 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

0602435N

6. AUTHOR(S) 5d. PROJECT NUMBER

Chen, Qin, Hwang, Paul A., Kaihatu, James A.

5e. TASK NUMBER

5f. WORK UNIT NUMBER

73-M125-04

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Naval Research Laboratory REPORT NUMBER

Oceanography Division NRL/PP/7330--04-5030

Stennis Space Center, MS 39529-5004

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

Office of Naval Research ONR
800 N. Quincy St.
Arlington, VA 22217-5660 11. SPONSOR/MONITOR'S REPORT

NUMBER(S)

•12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release, distribution is unlimited.

13. SUPPLEMENTARY NOTES

14, ABSTRACT

The paper utilizes an extended Boussinesq wave model incorporating the wind forcing to examine the effects of swell on the spatial variation offthe
sea surface roughness and the growth of wind waves. We first introduce the new parameterization of the momentum flux transferred from the wind
to surface gravity waves followed by an analysis of the effect of wave nonlinearity on the drag coefficient using Stokes' second-order wave theory.

The time-domain Boussinesq wave model with the wind forcing is tested against the field measurements of wave growth rate in a shallow lake.
Fairly good agreement between modeled and measured wave heights is obtained. Numerical experiments are then carried out to test a hypothesis
for the suppression of the wave growth rate by the following swell. .A simple mechanism is suggested to explain the influence of swell on the short
waves observed in the numerical and laboratory experiments.

15. SUBJECT TERMS

Bossinesq wave model; sea surface roughness; parameterization of momentum flux; Heterogeneous Air-Sea Momentum Flux; wave
nonlinearity; drag coefficient; wave growth

16, SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON

W. REPORT b. ABSTRACT c. THIS PAGE ABSTRACT OF Paul A. Hwang
PAGES

Unclassified Unclassified Unclassified UL 19b. TELEPHONE NUMBER (Include area code)
Unlasii7 228-688-4708

"Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18



*6=-6 g 0 - - � 0� S -- -

SE

S S

OS A

�, � 2.

�.. .�

�-�-*

s,-, �.

� �> �

*�. �



C) 4-C
4

4--
-0 >C~ _ r _ C

V3 . U > 'd eg )>V E E ~ CC4 OC)
:3 Q- 0 C0Cda o=4

C)Q r C,) (4"' ,C~ -

rC m- C)C -. - Q. -o to
Q) CS d 0  0 C), *. tf C > 0 C) $- 0 n c

r* > c-c 0 a, -) 0 mO to u)

Cd Cn 01 Cd C)

cc Ltv' 0U

C#~~0 C3 ~ :
-_ C0 U 0

M) U. cn (U C - ;tt "

.0 t ,) r0 C) - 0 0 - o >

C) 0 C0 o ,~ 0 ) Q

rA 1--c

0C *-2 C0~C c<0 qs

CA = uUC U =.- *- Ln
00 rt Lý Li- 4- _i6 d 0 +I

rA C) o z
Q t, C) 0 L-( I E cc_ - 0

w ) coA~ M o 0 u r0t

4-Z W) x)C~ 2 )0 0 v luýo = o
u5 0 3 ~ U) ) C E r 2 "a -

W) CA -0
z ~ ) )~ 0 -S- Tý a E 0D cc~U).~ ~0

ZC c C VC) C -: -0c 0c w E C -. C

EF C)~ r- -- Q)O

cn V Cd 0 qu 0 0

u C) oC>Uo

z E0 0 0 o'
cr~C En n

E B~ & I r_ 0 (n =0. ' E ~

4- in- a)) 
~ C) ~ U

0~ 0s-L 3 ) to

m r- E) C4 d)) 0 CZ

EnC i: = ))~~C, O .,~ a~~



0 . ýa U.)

~0 v~j~ a' r- - )

>. -'0A U) >

CU.CU.o 0 > U ) .' 0

= o 0

0 *4 C.Z a)~ (z 3-czCJ U..

Q)) 0) C

ca r- -0~ 0 ca t
C)) -I U

_~~ 0 Wj CU.d. ~ -. ~U

0-. -~ = 1< V 3-, C:j'

ca.> ) > I E i.

EU- wo c' 0 "U.UrOC

z -S3 -m 0~ cq V) as

0*n . Ile~3 -  CdE IId --I' C1
w ~ U) CdŽU ME ) -

zU .w '.aQ

-~~~~ 4) a ~- -U)-''
__w + 0~Ca~)

0, OD U) C+ .CU) > 0. CI .U) ''
U)_-00) =C ZU.) CO.I)wau-U~ U) U)... >) V) EU)

U) cOC 0 -- 00 W

a) E c.C,3 C0. 0C )
Z- 0~ 0>. 0 0-be
-0 ,C r-- s-

V) U) 0 C

4- a) M -be ) CU
U)U)r t 0 r-C L

U~ E c-2 C -- .2 ca ~
In > > >U 0 Ln .-4

4U) 0U- >4 -Ftr t -'

Cc-~U v CL m c
03- EU2 U 00 CC))(C.OCO.D

0 C '~ 3 3 *0 Cj 0 > ..
0~~~C 1) .0 0-10- ~ ~

LL)3 /) ci -O0 CC,,: ca C/3

0 -0 Q>. U)a

> 0 0

o) "0 4-C 0f > C,3 )(. r

0U o N- C6 Cd > ~
0 Cd >0Q C. O .o

4-w 0C - > 0 C/

Es 4) w~5U U) 0 0~ U
[cw -~~U

00 CZ V) 0 4C C >
b 0. 10 . ..



tn (: C L/) - (1 al -7 ( ) -

g- =) -oo 0 --

m0.0.- 0 / -- * L- t: o - ` E

0*' V>C-0 L)~ - - ~ C1 _

-) 0 - Z'
C14 E '+-j a0 0 ) - C)

tb C5 0- Eo0 > nzý0 0
0 C M

0 .0
C)r CC W C

m CLo o.C~ E~-C o aCC tn VCE

oU M) 0 allZ r)4 I- r- 0)

cd m (7 03u mC >
W) 1> C, o

~~~~~~~~ .50 .0. .~ "00
mi 0 C _ 0 r_ t

=~ *- ,~) L, 0~_
cn -- mC~- ý: = r C O "o M

0 0 0

- ~ E o c, C)r -~~ C
0.> u) ~ ) 0 CJ cd co.-

En _ z dC

v) 3 "0
o 0c. C CC

m) C) C) oC o- - -- .

In) >C mo~ 0C
uC -a tnE C 0C

on U 0* C,) CC0-10
.2o im.-C C~ W ) - )-c 00L

0 M- = rCC

0 as CC 'n C
Q. bo - -. ' d -

~~ci 0 =S 0 C)- .C.KI E ~ ' - C
En It '-. o -= s- 0 )-CC -= r U al W ) + tn M)K

CD > -kn -
EO~ - 0 C)0 >.

tn >C IL) 6 M :3
-C;C

CU 00 co -. -E Q)2~ < ~

o; -r CC t
-Cl 0 C o 0.. +C--C,

M CD -- 2

.2 c_ 0 -c .

0~~ ( L)>j

Q)~ V. v 0 -E-COO

C/ C) .

u- c-i m E

C- C a L E
0 ~ ~~~~ 0JCC E ~l *C~~C.

CC C5



r r- (n0

o >

0C/0

o~ U) d,'

m~ 0 0 tn 0
> 0

E~i E Q) o u C
0 ca u o Cc

u 0 E U

w P) 0CC C)E
LI COL X oO XPC 0 ca E)

o 0 0 CrC (n Cr U>I C: 000.
z 0 r (D

c: =~ - - ý
c -0 C)0

oC C > .0 00 jZ a
C,) ) 0 .C L C.r

o0 o E0 C). j ) .u 4) -o "a U.'~
CC) 0 ~0 CI mV)a

a) .00
EC CL 0C

c- )a 0 
to C) 

> r_

C. M LID*..
_~- 7U~ 0 -

CC0 CID, 0

C. ci E co 0 E CC C) r

-QC) 0.C 0 'n >> u ca ý L
m 03~ ti c 0 a) o > V

C)C03 0 CU C( 'n, t- C cd(iEv E > 0 rd, CJC 4)0
C) C 0~O ) . ). E c0 u CU "a)~fl < cn(z

CC M 00 cd . I

E)C CUd w a ~ ~ r- .... _ C.)X
ZQ M CO E "ad M C ), 23 E ca 0 CU

cn)n2 C coCC u > E
LJ.C) 0 m c Z C

u p. 00 0 C>CC~0flU
E oCUCOQCU U U - aU =-/C .!n *0 .2 mm

ol MEb C Q) C) CIS im E- ct C) -
~~~-~ 0 -0 U ) a) -.9'n)~ )C )~

~... tn COO o 0w 0 U

E _ 0 C) X o"o mu > - wEcn En



0D) a) 0 c M >~ Co

r) -~ a) -. L

0. CLE -0 .CE
0 0 r- -0

ca 4) c ýI) -5 0 E.

a~a1- *a0-

E V

Z cr>_

o~4 V, 3
'0 m~ 'm -- t

Cl )~d 3  0 0)
3D .- =' C,

,1 * .0 3D - 0 0) .
3.V. ý a) -a cn v 'n

z a uCdu0 V r

a) Ei . 0 I) CD
3 3- Q 3 N

2~ Ln U
0 ) En En C: I-0Z)3

3- = -0 -0 0 -

>D C, cd -- r- 4 .)a

0 0 . -0>C - )
to (U q3D corc

C,3.) $

r-~~3 m c44u0
4L Cl) ,t 0-S

Cd 0~> .C
to i -. -

C) "C C) 0D c) i

m 61) $- .u $-3
F a .. 6- 0).- _a D )

al U6 6 6 6 0 = ) 63 > 04
-Cl > - 2 ~ (ztuo o !u l-pdc c~

> C)DD. )~'~C~-
o~~ a D(0

Cl) z U) = a) :

0 E u 0
V t: C ma)ý I

En. a r- 3D 3-

cn

0 - 0T6 E- za~~0~~~00>3D ~ *zJwAiu~~qd -* ;



E > 
0 - 0 >= n

0V ia) 0 > 0 c\ -z r-

00a (U CC) .2 
a)

0- o2 2

0 m c

-0 occ aj-
00 r- 0U SZ o-

0- 
.0 E -0$ 3

C.ý ) 
0)a

0cC' - -EQ
>L E - -m

cn co
"~a. 4-Co r

.00. 0 25

>0~ * Ca) ca~~cc~.

2:0 00--C00 c

0n 0 cu-ra

0 0 0 
V -a

u )00 
;z, ~ a 0 

C)

E0 71~a 00

Ea 00 
<O 

C 
0 C) 0r 0)

03 00 c- - 0n t;

c:~~~* > b 0) c n I
u~ .0 CO 0) En sz u

W) V.)O kn a,' =---

C~~)13' 
uO 0 La0 ) 0 , o-

a00,,,

CL . 0 .o -0 . "-

cd -1 uC 
0 0 a a a)

0

O

o~ - 0 
-

E C> i>, (f, --

(-I * a00 a .1) 0 aC,, - (s =

0 0 a)~~y'
l______ C+- 0 m

+ tg s 0 0a 
~ ) *- 

p )rr 
I

= :.= -0. -~- U= '4-

o 
0

w ý: ý0 > t 0 Lp 1
a~- 0 tn 

00

> 0~~0 t d- ' 4

o, , a) C/)

211 V~ 0'~ ~ ~ 0 0fl E~ 0 -a-
00 o S CC 0 E0- 0 c- 0

E cd

-> o 
In >

0L .j 
.0 c n>

o 0 0 00 
0f 0 r-

(z a> a a ) -0;>w0



bOd

0 ~ ~ o~0 0 W ~0 ~~
f0g

a3 0C~ 0 u

m~ (u 0,0 0 -0C 0 - .

rl)G COG)E ) 0

0 In

C) 0 CU

E r- "a.'d-

:zz~. .- E-- 0 0 . >o < Cb , 0 CIS 0 (

'-Us

Z 41 ~ 0 u' > CO c" C, =

L) 0,j 0 M Cd 0
r, ý- 0) COIS

0 C4~9COW <COý (7 COU Zn C
cdC) 0 .0 > 0 (

o' 0

0n nr.) O 0
- 0 L 0 CO '- - CO L

0E~ Ir W C) 0 C
0 C

to u C) -J""0 CZ

0u
>0 dO) CO C) L. O f O ' 00 V).. C . as

0 
CO 0 -

L14 . m O 0 > ~ ~ 
0 C O O '- 0.~ C r

00 -b 0. .2~~- ~ - 0 F

_~~~ CO> O C C

- - 0 0C O O -.

co r C4.~n OC

00 . CD 6 Cy t 00 CC LO

r-0 0 o6 0E

E) 
0 C C Q) 

0

CI~ D "0 Qý -S -a -O CO 0zi, - i- zQ-
0/ C/\ F-


